There has been growing interest in using manganese - 
The use of divalent manganese ions (Mn 2ϩ ) as functional, molecular, and anatomic contrast agent for MRI of the brain has drawn increasing attention in recent years (1) (2) (3) (4) (5) (6) (7) . Mn 2ϩ , a Ca 2ϩ analog, can enter excitable cells through voltage-gated calcium channels (8) and can be transported by microtubules in axons toward the projecting neurons (9) . In addition, Mn 2ϩ will differentially accumulate in different areas of the brain (10, 11) . These interesting biologic properties, combined with the fact that Mn 2ϩ is an effective MRI relaxation agent, have enabled manganeseenhanced MRI (MEMRI) to be used to observe neuronal activation following specific stimulations (12) (13) (14) (15) , to perform anterograde neuronal tract tracing in a number of neural systems (16 -23) , and to enable MEMRI to visualizing neuroarchitectures not previously detectable by MRI (24, 25) .
Although large signal changes are usually measured in MEMRI using T 1 -weighted (T 1 W) sequences, there is still need to improve the detectability of Mn 2ϩ . For example, in many MEMRI neuronal tract-tracing experiments there is a broad range of T 1 changes that need to be detected-from very large T 1 changes at the Mn 2ϩ injection site to very small changes in regions distant from the injection site. This is because when Mn 2ϩ is transported along axons and across synapses, its concentration is diluted to a level that is difficult to detect. Another reason for optimizing the detection sensitivity of MEMRI is to reduce the doses used so as to avoid neurotoxicity that can be caused by high levels of manganese. For instance, it is well known that chronic exposure to excess manganese will cause neurologic effects similar to Parkinson's disease (26) .
The large majority of MEMRI studies have relied on T 1 W imaging to detect signal changes caused by the shortening of T 1 . Common ways to obtain T 1 W contrast are spin-echo or gradient-echo sequences with short repetition time (TR) and/or large flip angle (FA). Stronger T 1 W can be achieved with an inversion preparatory pulse. To improve the detectability of a T 1 contrast agent, imaging parameters, like the TR, FA, and/or inversion time (TI), can be optimized according to the expected concentration of the contrast agent and signal-to-noise ratio (SNR) (27) . More sophisticated 3D T 1 W methods, such as magnetization-prepared rapid gradient-echo (21) , modified driven equilibrium Fourier transform (28, 29) , or optimized tissue-nulling echo-planar imaging (EPI) (30) , can be optimized for specific T 1 values and have been used to delineate gray/white matter contrast in humans at high field (31, 32) as well as for MEMRI studies (19) . One shortcoming of these approaches is when T 1 changes span a wide range, i.e., from 300 to 2000 ms, as can be the case with MEMRI experiments (33) , several sets of the optimized imaging parameters and therefore several images are needed. In addition, when the concentration of the contrast agent is very low, the above methods are not ideal to provide detectable contrast for small T 1 changes. Statistical mapping of the averaged data from different experimental animals has been used in MEMRI neuronal tract tracing to increase the sensitivity of T 1 W imaging (34) . However, the detectability is still limited by the sensitivity of the T 1 W sequence used and it is more difficult to follow changes in individual animals.
Another approach is to produce T 1 maps to visualize and quantitate T 1 contrast. T 1 mapping provide sensitivity to the full range of T 1 and has the potential to quantify the tissue concentrations of the contrast agent with the knowledge of the relaxivity of the agent used. An additional benefit is that it is less affected by the signal inhomogene-ity that may arise in the images, such as due to RF inhomogeneity. A major drawback of T 1 mapping techniques is that they are usually very time consuming. Indeed, the time needed to generate T 1 maps of sufficient resolution is probably why no MEMRI studies have been reported that made routine use of quantitative T 1 measurements. The reason why conventional spin-echo inversion-recovery (IR) or saturation-recovery T 1 mapping methods need long imaging time is that they rely on repeated measurements with different TIs or saturation times. For example, the optimized 2D modified fast IR (MFIR) spin-echo T 1 measurement with the TR of three times the longest T 1 and four different TIs will take at least an hour to acquire a 128 ϫ 128 matrix (35) . Although data acquisition could be accelerated by EPI, conventional T 1 mapping techniques would be too long for in vivo, high-resolution 3D mapping.
Fast T 1 mapping methods have been developed to overcome some of the time limitations. Fast gradient echo sequences that use variable flip angles with steady-state free precession data acquisition can generate T 1 maps (36) . Another fast T 1 measurement method is the Look-Locker (LL) technique, which samples multiple time points during signal recovery (37) . This method can significantly reduce scanning time without sacrificing accuracy. This method has been shown to have almost the same efficiency as the spin-echo IR method in terms of the SNR per unit time (38) . In the present study we have begun to develop approaches that enable T 1 mapping for MEMRI neuronal tract tracing. Whole-brain, 2D multi-slice and 3D EPI LL T 1 mapping methods were implemented and optimized for detecting low concentrations of Mn 2ϩ . This fast LL technique was tested by tracing the rat olfactory pathways after stereotaxic Mn 2ϩ injection into the olfactory bulb. Results indicate that tracing of Mn 2ϩ as far as the amygdala can be readily detected in individual animals using T 1 maps.
MATERIALS AND METHODS

Look-Locker T 1 mapping
In a typical LL T 1 measurement, N RF pulses of the same FA, ␣, are used to sample multiple time points with a fixed interexcitation interval, , during the relaxation from an inversion pulse. The signal evolution has been derived in Ref. (37) and earlier imaging version of this technique (39) . In brief, the partially relaxed longitudinal magnetization, M(n), before each excitation pulse can be described by an exponential recovery with time constant T* 1 :
In Eq. [1] ,
where M eq is the equilibrium longitudinal magnetization and the effective longitudinal relaxation time constant, T* 1 , is related to the actual T 1 , ␣, and by
Ideally, if the exact FA at each pixel is known, the T 1 can be easily calculated from Eq. [3] after obtaining T* 1 from a three-parameter fit to Eq. [1] . However, the B 1 field inhomogeneity from the imperfect excitation pulse and the RF coil profile makes the FA differ from the intended value.
To solve the actual T 1 , the relation between M(ϱ) and M(0) can be used. For example, when Ͻ Ͻ T* 1 and the TR is long enough such that M(0) Ϸ ϪM eq , Eq. [2] can be simplified by the first-order approximation and T 1 can be approximated by T* 1 M͑0͒/M͑ϱ͒ (40) .
Since the error in T 1 measurement is related to the T 1 , , and FA, generally longer is needed for accurate measurement of longer T 1 (41) . When using a long to optimize the accuracy for detecting low Mn 2ϩ concentrations, the above approximation for deriving T 1 will be inaccurate. Furthermore, it would be incorrect to assume M(0) ϭ ϪM eq , especially in a multislice acquisition. Usually, a very short inversion delay is used to achieve the maximal dynamic range and hence could be neglected in approximating T 1 . However, when using a lot of slices to cover the whole brain, this time delay will be different for each slice and cannot be ignored. Here, we used a more general algorithm to calculate T 1 . Assuming the longitudinal magnetization before each inversion pulse has reached steady state, then M(0) can be expressed as
where M ss is the longitudinal magnetization right before each inversion pulse, and T d is the delay time between the inversion and the first excitation pulse of a slice. After N excitation pulses and an interval between the next inversion pulse, the M ss can be formulated as
, [5] where
After substituting Eqs. [1] and [5] into Eq. [4] and dividing Eq. [4] by Eq. [2] , the relation between M(ϱ) and M(0) can be formulated as
where cos␣ ϭ e Ϫ /T* 1 /e Ϫ /T1 . In the above equation, T d , T p , TR, and are known parameters, M(ϱ)/M(0) and T* 1 can be obtained by a three-parameter fitting of the measured signals, and M(N Ϫ 1)/M(ϱ) can be calculated from Eq. [1] using the fitted parameters. Hence, T 1 can be solved from Eq. [6] without knowing the FA or needing and T d to be short.
Pulse Sequences
To achieve whole-brain coverage of the rat brain in reasonable time, 2D multislice gradient-echo or 3D center-out segmented EPI was used for data acquisition. Since inversion imperfection will lead to inaccurate T 1 estimation (41), a nonselective hyperbolic secant adiabatic pulse was used to provide B 1 -insensitive inversion. In the 2D mode (Fig. 1a) , i slices are acquired by gradient-echo with T d delay after the inversion pulse. The same line in the kspace of each slice is sampled N times along the recovery curve with a constant interval . Then the procedure is repeated for N y times with different phase encoding gradients. To speed up the data acquisition, we evaluated using multiple excitations at each inversion time to acquire multiple k-space lines (42) .
In the 3D mode, a center-out segmented gradient-echo EPI was used to acquire multiple lines of a plane in the k-space after each excitation (Fig. 1b) . The trajectory of each segment starts from near the center of the k-space and traverses the upper or the lower half of the k-space (Fig.  1c) . The acquisition is repeated N segment times, each time with different phase shifts and gradient blip polarities to fill a plane in the k-space, and then repeated N z times with different phase encoding gradients in the slice selection direction. The order of the phase encoding in the third dimension is also in a center-out fashion (i.e., p z ϭ 0, Ϯ1, Ϯ2,. . . ). Using segmented EPI can shorten the image acquisition time while reducing the resolution blurring due to the T* 2 decay and off-resonance artifacts, such as geometric distortion, of single-shot EPI. With the center-out trajectory, high overall image SNR can be achieved due to the shorter TE.
Optimization on MnCl 2 Phantoms
Several compartments of MnCl 2 solutions with concentrations of 0, 1, 2, 5, 10, 20, 50, and 100 M, respectively, were dissolved in double distilled water. The T 1 's of the MnCl 2 solutions were measured by a MFIR sequence and the 2D LL method. To find the optimal settings for accurate long T 1 measurement, the FA, interval , and number of sample N were changed from 5 to 30°, 50 to 500 ms, and 20 to 150, respectively. The setting giving good SNR and high accuracy in the low Mn 2ϩ concentrations was used in the in vivo experiments. The 3D LL sequence was also tested and similar results were obtained (data not shown).
Animal Procedures
All animal work was done following the guidelines of the Animal Care and Use Committee and the Animal Health and Care Section of the National Institute of Neurological Disorders and Stroke, National Institutes of Heath (Bethesda, MD, USA). Adult male Sprague-Dawley rats (body weights 155-330 g) were used in this study. Nine rats were scanned without Mn 2ϩ injection and eight rats were scanned 34 h after stereotaxic MnCl 2 injection into the olfactory bulb (OB). For the stereotaxic injection, the animal was initially anesthetized by 5% isoflurane (in a 1:1:1 air:nitrogen:oxygen mixture), positioned in a stereotaxic frame, and maintained at 2-3% isoflurane during the surgery. A total of 50 nL aqueous solution of 100 mM MnCl 2 (Sigma-Aldrich Co., MO, USA) was slowly injected into either the left or the right side of the OB by a 0.5-L Hamilton syringe (Reno, NV, USA) at Bregma 6.5 mm anterior, 2.0 mm lateral, and 2.5 mm dorsoventral according to the rat brain atlas (43) . After the injection the needle was left in place for 5 min and then slowly retracted and removed. For MRI scans, rats were anesthetized by 5% isoflurane and placed in a custom-designed plastic stereotaxic holder. The anesthesia was maintained at 1-2% using a nose cone during the scanning. Rectal temperature was maintained at 37 Ϯ 1°C by a heated water bath.
MRI
Images were acquired on an 11.7 T/31-cm horizontal magnet (Magnex Scientific Ltd., Abingdon, UK) interfaced to a Bruker Avance console (Bruker Medical GmbH, Germany) and equipped with a 9-cm gradient set that is capable of providing 60 G/cm strength and 80 s rise time (Resonance Research, Billerica, MA, USA). In the phantom studies, data were acquired with a Bruker 35-mm transmit and receive volume coil. The T 1 's of different concentrations of MnCl 2 solutions were measured by a MFIR sequence using an optimal TR ϭ 7.5 s, TE ϭ 7 ms, field-of-view (FOV) ϭ 2.56 ϫ 2.56 cm, matrix ϭ 128 ϫ 128, slice thickness ϭ 1 mm, and inversion times of 8, 100, 200, 500, 1000, 1500, 2000, and 7450 ms.
For the tract-tracing studies, 3D T 1 W and 2D LL T 1 mapping images were obtained with a homemade, 35-mm diameter, transmit and receive, circular surface coil. The T 1 W images were acquired by a 3D rapid acquisition with relaxation enhancement (RARE) sequence with TR/TE ϭ 300/10 ms and a RARE factor of 2. With FOV ϭ 3.84 ϫ 2.56 ϫ 2.24 cm and matrix size ϭ 192 ϫ 128 ϫ 112, 200 m isotropic resolution can be obtained in 36 min. The 2D LL images were acquired with TR ϭ 12 s, TE ϭ 2.5 ms, ␣ ϭ 25°, ϭ 500 ms, N ϭ 20. Forty-one coronal slices with FOV ϭ 2.56 ϫ 2.56 cm, matrix ϭ 128 ϫ 128, thickness ϭ 0.5 mm, and gap ϭ 0.1 mm were used to cover the whole brain within 22 min.
Four control rats and three Mn 2ϩ injected rats were scanned by the 3D LL sequence. 3D T 1 mapping was performed with a 90-mm volume transmit coil and a 30-mm saddle-shape surface receive coil. After adjusting highorder shimming, echo spacing, echo symmetry, and B 0 compensation, 3D LL data were acquired by center-out, segmented gradient-echo EPI with TR ϭ 12 s, TE ϭ 2.4 ms, ␣ ϭ 25°, ϭ 500 ms, and N ϭ 20. To avoid resolution burring due to the short T* 2 of the brain at 11.7 T, a bandwidth of 250k Hz and 16 echoes in one segment was used to keep the echo train length short. With a matrix size of 128 ϫ 128 ϫ 72, 200-m isotropic resolution can be obtained in 115 min.
Data Processing
The T 1 of each pixel was calculated in two steps using a custom-written program running in Matlab (The MathWorks, Inc., Natick, MA, USA). First, the signal recovery of each pixel was fitted by the Levenburg-Marquardt nonlinear three-parameter curve-fitting algorithm. Then, the obtained parameters were substituted in Eq. [6] to solve the actual T 1 . The T 1 's of the MFIR images were calculated by the same nonlinear three-parameter curve fitting.
Region-of-interest (ROI) analysis was performed on 2D LL data using AMIDE (44) . According to the rat brain atlas (43), many rectangular ROIs along the olfactory pathways were selected, including the OB, piriform cortex (Pir), anterior commissure (AC), accumbens nucleus (Acb), ventral pallidum (VP), lateral globus pallidus (LGP), medial forebrain (mfb), amygdala (Amy), and hippocampus (HC). Other regions, such as cortical gray matter (GM) in the somatosensory region and the muscle, were also inspected for comparison. One-tailed Student t test was used to compare the averaged T 1 in these regions between rats with and without Mn 2ϩ injection.
RESULTS
MnCl 2 Phantoms
Figure 2a shows images of MnCl 2 phantoms acquired at effective TI of about 500, 2000, and 10000 ms, respectively, using the 2D LL sequence. The T 1 relaxation curves from pixels in the short, mid, and long T 1 compartments show good fit with the monoexponential function (Fig. 2b) . The means and standard deviations (STDs) of the T 1 's from three independent measurements show good correspondence between the LL and MFIR methods (Fig. 2c) . The mean absolute errors between the LL and MFIR are 0.95% (T 1 ϭ 3165 ms), 0.60% (T 1 ϭ 3130 ms), 0.51% (T 1 ϭ 3026 ms), 1.09% (T 1 ϭ 2973 ms), 1.62% (T 1 ϭ 2768 ms), 2.32% (T 1 ϭ 2422 ms), 4.19% (T 1 ϭ 1660 ms), and 6.35% (T 1 ϭ 1050 ms). The errors are less than 6.5% for T 1 Ͼ 1000 ms and are less than 2.5% for T 1 Ͼ 2500 ms, indicating better accuracy for the long T 1 compartments. Both T 1 mapping methods can differentiate Mn 2ϩ concentrations as low as 2 M from water without Mn 2ϩ (P Ͻ 0.05; one-tailed t test). By a linear fitting of the relaxation rates (R 1 ϭ 1/T 1 ) at different concentrations, the relaxivity of aqueous MnCl 2 was measured to be 6.3 s Ϫ1 mM Ϫ1 by the MFIR, but was slightly higher (6.9 s Ϫ1 mM Ϫ1 ) by the LL due to a higher error for the short T 1 compartments. Figure 3 is an example of the 3D LL T 1 mapping of a rat brain without Mn 2ϩ injection. With center-out segmented EPI, the 3D T 1 maps show good SNR without much susceptibility artifacts, geometric distortion, or resolution blurring. Images of an axial section obtained at different effective TIs show good SNR and low artifacts or distortion in the brain, except in parts of the olfactory bulb, which is close to the nasal cavity (Fig. 3a) . The T 1 relaxation curves of pixels selected from the cerebrospinal fluid (CSF), gray matter, and white matter (WM) present distinct signal recovery trends and fit well with the monoexponential curves except in CSF (Fig. 3b) . Figure 3c shows coronal sections of the calculated T 1 maps from four rats. Clear contrasts among the CSF, cortex, thalamus, and WM structures, such as corpus callosum, can be observed. The average T 1 of five rats measured by the 2D LL is about 1650 ms in the GM, 1370 ms in the WM, and 2430 ms in the CSF (Table 1) . Figure 4 shows slices from the 3D T 1 map of a rat brain at 34 h after Mn 2ϩ injected in the OB. Mn 2ϩ -induced T 1 decreases can be observed in the ipsilateral side of the brain from OB, anterior olfactory nucleus, Pir, olfactory tubercle, orbital cortex, and putamen to Amy, as well as other structures like internal capsule and lateral hypothalamus (Fig. 4) . The neuronal tracts to the contralateral Pir through the AC are also clearly delineated (the inlet in Fig.  4 ). Comparing the T 1 's in ROIs between rats with and without Mn 2ϩ injection, significant T 1 reductions can be found in OB, Pir, AC, Acb, VP, LGP, mfb, and Amy, but not in GM, HC, or muscle (Fig. 5) . Large T 1 changes can be seen in the OB (about 620 ms; 36% T 1 change) and Pir (about 300 ms; 21% T 1 change). They were also the only regions that were detected by the T 1 W images used in this study. The smallest T 1 change detected in the selected ROIs is about 100 ms in LGP (7% T 1 change). Using the relaxivity of aqueous MnCl 2 to estimate the tissue concentrations of Mn 2ϩ , the structures with concentrations from high to low are OB (47.9 M), Pir (25.8 M), VP (13.2 M), AC (12.3 M), Acb (11.2 M), mfb (10.9 M), LGP (7.6 M), and Amy (6.8 M). Note. Means and standard deviations of the T 1 's were from five rats using the 2D Look-Locker sequence.
T 1 Maps of Rat Brain
DISCUSSION
Due to the wide dynamic range of the T 1 reduction in MEMRI, T 1 W imaging cannot provide enough sensitivity for detecting the full range of concentrations of the contrast agent. The LL T 1 mapping technique provides similar sensitivity to the full T 1 range with whole-brain coverage in reasonable time. T 1 maps showed high contrast in various anatomic structures. In the olfactory tract tracing experiments with Mn 2ϩ injected into the OB, T 1 maps clearly identified tracks along the olfactory pathway to the amygdala in individual animals. Although we didn't find T 1 change in other regions that are known to be connected to the olfactory pathway, such as the hippocampus, this may be due to low Mn 2ϩ concentration or partial volume effects of these small structures at the resolution used. It may be possible to see these pathways by injecting a higher dose of Mn 2ϩ as has been done for many MEMRI neuronal tracttracing studies (16, 22, 23, 34) .
Neurotoxicity caused by manganese can be an issue when using it as a contrast agent in human or animal studies. In this work, we used a low dose of manganese (about 0.5 mg/kg of the brain weight), which is less than the daily dietary dose of 10 mg/kg body wt (45). With such a low injection dosage, it was still possible to detect significant changes in regions of the brain such as the amygdala that previously were only detected through group averaging (34) . Therefore, with the enhanced sensitivity of the T 1 mapping procedure, the dosage of manganese can be reduced.
T 1 mapping provides the potential to quantify Mn 2ϩ concentrations in tissues. Indeed, in the phantom as little as 2 M MnCl 2 could be detected. Since Mn 2ϩ quantitation has not yet been performed in tissue extracts, the relaxivity for deriving the tissue Mn 2ϩ concentration from T 1 is not known. Assuming the relaxivity of Mn 2ϩ in tissues is the same as in water, the lowest concentration observed in the ROIs we chose was in the amygdala, which contained less than 7 M Mn 2ϩ . Because the relaxivity in tissue is expected to be higher than that in water (46) , the actual Mn 2ϩ concentration should be significantly lower. In addition, the concentration could provide information on the rate of Mn 2ϩ progression along the pathway. The Mn 2ϩ concentrations in different regions can be due to the difference in regional release/uptake rates, cell density, size of neuronal fiber, crossing of synapses, etc. It will become of growing importance to quantitate effects of Mn 2ϩ to separate these different effects. Assuming the same relaxivity for all tissues, the concentrations of manganese can be divided into four groups (from highest to lowest): (1) OB; (2) Pir; (3) VP, AC, Acb, mfb; (4) LGP and Amy. This matches their distances from the OB.
The rat brain T 1 measured in cortical structures were in the range of 1.6 to 1.7 s. Compared to other rat brain T 1 's reported at high fields, these values are somewhat shorter. For example, cortical T 1 has been reported as 1.76 s at 8.5 T (47) and 1.81 or 1.99 s at 9.4 T (13,48). One paper reported mouse cortical T 1 at 11.7 T to be 1.9 s (49). The difference may be due to the accuracy of the different T 1 measurement techniques used, partial volume effects (resolution and ROI size), or animal species and details of diet. It may also be that the LL sequence used caused some magnetization transfer contrast effects that would cause a shortening of T 1 (50) . The relatively poor fit of the CSF T 1 relaxation curve (Fig. 3b) indicates that there were probably partial volume effects on T 1 at the resolution used. The motion of the CSF flow could also make the measured T 1 shorter and the signal deviated from the ideal relaxation curve.
The LL technique used relied on gradient-echoes to acquire the signal. Hence, it is sensitive to susceptibility artifacts caused by air-tissue interfaces, especially at the high field of 11.7 T used in these studies. In the 2D T 1 maps, important regions in the rat olfactory pathway such as the ventral part of the hippocampus and the entorhinal cortex were affected by the signal drop-out due to the nearby ear canals. The 3D T 1 maps showed fewer susceptibility artifacts in these regions due to the use of higher bandwidth and 3D acquisition. However, geometric distortion was observed in the OB due to poorer shimming near the nasal cavity.
The parameters for the LL T 1 mapping used in this study were optimized for measuring low concentrations of the contrast agent through the use of a long and a FA Ͼ 20°. We also incorporated an algorithm suitable for quantitating long T 1 's and for multislice acquisition. From the phantom tests, high accuracy was achieved, especially for the long T 1 compartments. Although the error in the short T 1 range was higher due to fewer samples being acquired in the fast rising period of the inversion recovery, this was not a serious problem because regions with large T 1 changes are easy to detect and the focus of the optimization was on the low concentration range for Mn 2ϩ . This is different from other studies that developed the LL techniques for clinical use, where they utilized a much shorter to get high accuracy for T 1 Ͻ 1000 ms (39, 51, 52) . Although the parameters were experimentally optimized in this study, they may not be the optimal. Since SNR and accuracy of LL T 1 measurement have a complex relationship with TR, , ␣, and N, further optimization can be conducted by numerical methods (41) .
In this study, 2D T 1 mapping data can be acquired in about 20 min and the 3D data took nearly 2 h to obtain 200-m isotropic resolution. Although it is acceptable in some animal studies, it makes mapping with higher resolution, e.g., 100 m isotropic, or performing dynamic studies difficult. Since the T* 2 limits the echo train length of each segment, reducing the data acquisition time by acquiring more echoes in one segment will require increasing the sampling bandwidth at the expense of reduced SNR. One way to further shorten the data acquisition time is to use multiple shots at each TI (42, 53) . Since shot-toshot T 1 relaxation will produce additional weighting to different k-space lines, banding artifacts will occur in the image even with center-out phase encoding and will limit the useable number of shots. Another way to cut down the acquisition time is to use a shorter TR. This can be accomplished with a saturation pulse before the inversion pulse to eliminate the need for full relaxation (40) . However, to get good accuracy for long T 1 compartments, the saturation time and cannot be made too short; thus, the actual shortening in TR will not be that large. Finally, recent advances in parallel imaging techniques may provide a feasible solution to reduce the acquisition time (54, 55) . Preliminary results with four element arrays for the rodent brain indicate that two-to three-fold speedup can be achieved. The loss in SNR associated with speedup using parallel imaging will be offset to some extent by gains in sensitivity using the smaller coils required by parallel imaging arrays (56) .
Some studies have used T 1 W imaging with 100-m resolution in times comparable to that used for the T 1 mapping reported in this study at 200 m. The specific advantages and disadvantages of higher-resolution T 1 W imaging and more quantitative but lower resolution T 1 mapping depends on the SNR, the CNR, and the size of the structure of interest. Since increasing the resolution will generally reduce the SNR, the CNR of small structures will not necessarily be increased by the reduced partial volume effect. If CNR is not high enough, T 1 mapping will have a better chance to detect the manganese enhancement. But if the size of the structure of interest is smaller than a voxel in the lower-resolution T 1 mapping then it may be advantageous to use T 1 W imaging. However, with implementation of parallel imaging strategies for rodents it should be possible to obtain quantitative T 1 maps at 100-m resolution or lower in a similar amount of time and in this way have the quantitative advantage of T 1 maps with very high resolution.
CONCLUSION
Using the Look-Locker technique, whole-brain 3D T 1 mapping with 200-m isotropic resolution can be obtained in less than 2 h. With optimized parameters and an algorithm for long T 1 measurement, Mn 2ϩ concentrations as low as 2 M can be detected in vitro and T 1 changes as small as 7% can be detected in vivo. MEMRI neuronal tract tracing to regions far from the Mn 2ϩ injection site, such as the amygdala, can be observed in the olfactory pathways of individual rats.
